This experiment was conducted to investigate the differences in disease resistance, production traits, and molecular mechanisms in 2 chicken lines with continuing breeding to generation 2 (G2) and generation 3 (G3) according to macrophage phagocytosis. Chickens were divided into high-and low-phagocytic groups according to macrophage phagocytosis. The natural infection rate of Salmonella Pullorum of progeny from different phagocytic groups was detected by slide agglutination. Production traits were calculated upon hatching. Pro-inflammatory cytokine and MHC mRNA expression of different phagocytic chickens in G2 and G3 were tested by quantitative real-time PCR (qPCR). Nitric oxide (NO) was tested by the Griess reaction assay. The results showed that 1) natural infection rate of Salmonella Pullorum of progeny from high phagocytosis product group (HPPG) hens was 6.4% ± 0.92%, which was significantly lower than that of progeny from low phagocytosis product group (LPPG) hens (19.7% ± 2.66%) in G3. 2) For production traits, fertilization, hatchability of fertilized eggs and rate of healthy chicks of high phagocytic index group (HPIG) hens were significantly higher than those of low phagocytic index group (LPIG) hens in G0. Rate of healthy chicks of HPPG hens was 0.96 ± 0.16, which was significantly higher than that of LPPG hens (0.91 ± 0.14) in G1. 3) Heritability of macrophage phagocytosis was 0.31 based on data from 2,666 chickens from 3 generations. 4) When stimulated with LPS, an analogue of Salmonella, macrophages cultured in vitro from high phagocytic chickens had higher levels of pro-inflammatory cytokine mRNA expression, MHC mRNA expression and NO than those from low-phagocytic chickens. Overall, macrophage phagocytosis was a useful marker in breeding of Salmonella Pullorum resistant lines of dwarf chickens.
immune responses; carriers are mostly asymptomatic and contribute to contaminated poultry products and propagation of the pathogen [4] . Although vaccines and antibiotics are important for protecting chickens from pathogenic infection, many problems remain, such as decreased egg production, deposition of drugs in tissues, and loss of efficacy [5] . The emergence of antibiotic-resistant Salmonella has led to ineffective treatment of salmonellosis by some antibiotics [6] . Consequently, there is a need to improve the natural resistance of poultry.
Macrophages have a key function in the immune system as antigen-presenting cells (APCs) that initiate innate immune responses and modulate adaptive immune responses by expressing major histocompatibility complex (MHC) molecules [7] . These cells, which are sensors and scavengers of pathogens, exhibit many activities including adhesion, phagocytosis and cytokine production [8] . In vitro studies of increased macrophage activity have led to reports of increased in vivo resistance to disease [9] . Moreover, Swaggerty et al. [10, 11] reported increased in vitro heterophil function that corresponded with increased in vivo resistance to Salmonella Enteritidis and Eimeria tenella in broilers.
Cytokines are essential effectors of innate and acquired immunity, and are produced by various cells during the activation phase. These molecules play central roles in communication between immune cells, and are potent effector molecules [12] . Microbial recognition by macrophages activates intracellular signal transduction pathways that induce production of cytokines and costimulatory molecules that control innate immune response and are required for antigen presentation to the acquired immune system [13] . Quantitative real-time PCR (qPCR) has been validated as an assay of various avian cytokines [14] .
Previous studies in our laboratory have shown that progeny of hens with monocyte-derived macrophages having high in vitro phagocytic capacity were resistant to Salmonella Pullorum in generation 1 (G1), suggesting that functional efficiency of macrophages is an inherited trait. This study was conducted to: (1) build diseaseresistant and susceptible lines by ongoing breeding and monitoring the disease resistance of resulting lines; (2) quantify cytokine and MHC mRNA expression and nitric oxide (NO) level in macrophages stimulated by lipopolysaccharide (LPS) in different lines; (3) calculate heritability using phagocytosis data from 3 generations; (4) evaluate the effects of selection on some production traits based on phagocytosis products of macrophages. The animals used in this experiment were CAU 3 brown-egg dwarf chickens, a line developed by 4 repeated backcrosses [15] .
MATERIALS AND METHODS

Experimental Birds
A total of 500 G0, 2,100 G1, 1,466 generation 2 (G2), and 1,787 generation 3 (G3) dwarf chickens were raised on the Experimental Chicken Farm at China Agricultural University (Beijing, China) at different times. First, the phagocytic index (PI) of macrophages was tested in 500 G0 chicks. Data from these evaluations were then used for mating combinations and G1 incubation. Next, the disease resistance traits of 2,100 G1 chicks selected at random on d 1 were recorded. On d 290, 910 G1 chickens were tested for phagocytosis product (PP), and the data were subsequently used to calculate the heritability and G2 incubation. After this, the disease resistance traits of 1,466 G2 chicks selected at random on d 1 were recorded. On d 290, 1,000 G2 chickens were tested for PP, after which the data were used to determine heritability and G3 breeding. The disease resistance traits of 1,787 G3 chicks selected at random on d 1 were then recorded. On d 290, 1,270 G3 chickens were tested for PP. All animal protocols were approved by the Institutional Animal Care and Use Committee of China Agricultural University.
Group Design
A total of 500 G0 chickens (400 hens and 100 cocks) were divided into a high phagocytic index group (HPIG) and low phagocytic index group (LPIG). Next, 4 (2 × 2) mating combinations were established: HPIG cocks × HPIG hens, LPIG cocks × HPIG hens, HPIG cocks × LPIG hens, and LPIG cocks × LPIG hens, as previously described [16] . The PP was tested in the 910 G1, 1,000 G2, and 1,270 G3 chickens. In G1, cocks and hens with highest PP (PP ≥ 2.0) and lowest PP (PP ≤ 1.1) were reserved and divided into a high phagocytosis product group (HPPG) and low phagocytosis product group (LPPG). The mating combinations were as follows: HPPG cocks × HPPG hens and LPPG cocks × LPPG hens. The mating combination in G2 and G3 were the same as in G1.
Macrophage Preparation
Peripheral blood mononuclear cells were separated from peripheral blood by density gradient centrifugation on a Ficoll-Hypaque gradient, and were then seeded in 96-well plates [17] at a concentration of 1 × 10 7 cells/well. After 48 h incubation, the adherent monocytes had matured to macrophages, known as monocytederived macrophages. The preparation has been described in detail elsewhere [16] .
Preparation of Formazan-labeled HCT-8 cells
HCT-8 is a human colon adenocarcinoma cell line. Viable cells can deoxidize 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) to a water-insoluble formazan, within viable cells; therefore, HCT8 cells were incubated in MTT [18] and viable cells were identified by the presence of formazan [19, 20] .
PI and PP Assay
PI was tested as previously described by Ma et al. [16] . Briefly, the ratio of phagocytized erythrocytes per macrophage to phagocytizing macrophages was expressed as the PI [21] . For the PP test, macrophages were cultured for 72 h, after which formazan-labeled HCT-8 was added into each well of a 96-well to give a final volume of 20 μL/well. The plates were then incubated at 41
• C in 5% CO 2 for 10 h. Each plate was then washed 3 times with PBS to remove nonadherent HCT-8 cells, after which 150 mL dimethyl sulfoxide [22] was added to each well. The optical density (OD) was then read at a wavelength of 570 nm using a microplate reader [23] . The PP was calculated as PP = OD cells -OD blank [9, 24] , where OD cells was the absorbance of a well with cells, formazan-labeled HCT-8, and dimethyl sulfoxide (DMSO) solution and OD blank was the absorbance of a well with medium, formazanlabeled HCT-8, and DMSO solution without cells.
Production Traits
When hens were 45 wk of age, eggs were collected from each mating combination. All eggs were then stored and hatched under the same conditions. The total number of eggs hatched was 1,393 (818 HPIG, 575 LPIG), 1,084 (590 HPPG, 494 LPPG), and 1,252 (634 HPPG, 618 LPPG) for G0, G1, and G2, respectively. Fertilization, hatchability of fertilized eggs, and percentage of healthy chicks were recorded.
Disease Resistance Trait
All chickens were raised in a normal environment on the Experimental Farm of China Agricultural University. The environment was thoroughly sterilized before raising chicks. But chickens were easily infected by Salmonella and appeared to be asymptomatic; therefore, it was necessary to test for Salmonella infection and exclude positive chickens. On d 207, birds that were grown in different generations (1,062 G1, 609 G2, and 938 G3) were tested for the natural infection rate of Salmonella Pullorum by slide agglutination test, an antigen-antibody reaction [25] . The Pullorum antigen was a commercially available polyvalent crystal-violet-stained antigen, which was purchased from the China Institute of Veterinary Drug Control (Beijing).
Heritability
A total of 2,666 dwarf chickens with complete pedigree from different generations; specifically, 641 G1, 876 G2, and 1,149 G3 chickens, were used to estimate heritability of the PP of macrophages. Analyses were conducted using the multiple-trait, derivative-free, restricted maximum likelihood (MTDFREML) software package [26] . In addition, a single-trait animal model was used to analyze the PP data. The animal model in matrix notation was as follows:
and y = vector of observed PP, b = vector of fixed effects of generation and sex, u = vector of random effect of the bird. X and Z are the incidence matrices relating records to fixed effects and additive genetic effects, respectively, and e = vector of random residual effects. Fixed effects included generation and sex. Starting values of genetic and environmental variances were the variance of trait and random values. Singletrait analysis was started with a low (10 -3 ) level of convergence, then increased to a higher (10 -9 ) level of convergence. The estimated heritability was the value converging at 10 -9 .
MHC and Cytokine Expression
To assay cytokine expression of G2 chickens, 10 high-phagocytic and 10 low-phagocytic G2 chickens from Salmonella resistant and susceptible lines were selected at 30 wk. Peripheral blood mononuclear cells were plated at a density of approximately 5 × 10 7 cells/60 mm tissue culture dish as previously described [16] . After 48 h, the adherent cells were monocytederived macrophages. LPS (Salmonella enteriditis) was purchased from Sigma. Macrophages were treated with LPS in 3 replicates at a concentration of 100 ng/mL and incubated for 2, 4, 8, 12, and 24 h [27, 28] . At each time, control wells, which had no LPS, were set and harvested simultaneously with experimental wells. Twenty G3 chickens were selected using a method similar to that used for G2 chickens at 28 wk. Macrophages were then separated and incubated. After 48 h, LPS was added to all wells, except the controls, at a concentration of 100 ng/mL and the samples were then incubated for 2 h and 12 h.
Total RNA was isolated from macrophages using a total RNA Kit following the manufacturer's instructions [29, 30] . qPCR was performed using primers (Table 1 ) designed using Primer3 software [31] and applied using a SYBR Green Real-time Kit [32, 33] . Gene slopes were determined with a series of 10-fold RNA dilutions, and the qPCR data were analyzed by the 2 − Ct method.
NO Production
The Griess reaction assay was used to measure NO production [34, 35] . The nitrite concentration was determined at an optical density (OD595) using a microplate reader.
Statistical Analyses
Statistical analyses included chi-squared tests and general linear models using SAS statistical software [36] . A P-value < 0.05 was considered to indicate statistical significance. Data were expressed as means ± standard error. 
RESULTS AND DISCUSSION
The natural infection rate of progeny from HPIG hens was 35.0% ± 1.87%, which was significantly lower than that of progeny from LPIG hens (48.3% ± 2.47%) in G1 (P < 0.05). The natural infection rates of progeny from HPPG hens and LPPG hens were 27.5% ± 2.22% and 33.0% ± 2.70%, respectively, in G2, but this difference was not significant. For G3, the natural infection rate of progeny from HPPG hens was 6.4% ± 0.92%, which was significantly lower than that of progeny from LPPG hens (19.7% ± 2.66%, P < 0.05). The infection rates of progeny from the low phagocytosis groups were higher than those from the high phagocytosis groups in G1 (P < 0.05), G2, and G3 (P < 0.05) (Figure 1) . The results of G1 were reported previously [16] .
A total of 2,666 dwarf chickens from 3 generations (641 G1, 876 G2, and 1149 G3) were included in the estimate of the heritability of macrophage PP, which was tested on d 290. Heritability was 0.31 ± 0.06, which is considered moderate. Genetic variance was 0.46, residual variance was 1.03, and phenotypic variance was 1.50. Domestic chickens are frequent targets of a variety of pathogens, which increases the importance of innate immune responses to minimize the overall impact of disease. The phagocytic capacity of macrophages might reflect the effectiveness of this response [9, 37] . It is essential that effective macrophage functions are transmitted across generations. In a previous study, we estimated the heritability of macrophage phagocytosis to be 0.40, based on data from 477 chickens in one generation [16] . In this study, to improve the accuracy, heritability was estimated from data collected from 2,666 chickens spanning 3 generations. Heritability was estimated as 0.31, which is moderate, and is consistent with previous reports of heritability of immune traits. Clapperton et al. [38] found that some immune traits, such as classic cytotoxic CD8αβ
+ and CD 4 + cells in pigs, were moderately to highly heritable. Wijga et al. [39] reported a moderate heritability of 0.23 for binding of natural serum antibodies to rabbit red blood cells in a group of 1,764 chickens in generations 22 and 23.
Fertilization, hatchability of fertilized eggs, and rate of healthy chicks were recorded by mating groups. In G0, fertilization, hatchability of fertilized eggs, and percentage of healthy HPIG female chicks were significantly higher than those of LPIG female chicks (P < 0.05). In G1, percentage of healthy HPPG female chicks was significantly higher than that of LPPG female chicks (P < 0.05). In G2, percentage of healthy HPPG female chicks was higher than that of LPPG female chicks, but this difference was not significant ( Table 2 ). The results showed that high macrophage phagocytosis capacity did not reduce production traits of hens, it improved them, especially the percentage of healthy chicks.
High macrophage capacity for phagocytosis has been reported to improve follicular growth, ovulation, and regression of postovulatory follicles in hens [40] . The immune systems of embryos and newborn chicks are not completely developed, and thus are vulnerable to pathogens [41, 42] . Li et al. reported that eggs of highphagocytic hens contained more IgY than the eggs of low-phagocytic hens [9] .
The results are in line with those of Li et al. [9] , who also reported significant effects of selection for higher PP in hens on fertilization rate, hatchability, and the percentage of healthy chicks (P < 0.05) in G0. In this study, the effects were tested not only in G0, but also in G1 and G2. The heritability of PP was calculated, and the molecular mechanisms of high disease resistance were discussed. These were not reported in Li et al. [9] .
In G2, toll-like receptor 4 (TLR4) expression was significantly higher in high phagocytic chickens than in low-phagocytic chickens at 2, 8, 12, and 24 h (P < 0.05), as shown in Figure 2 . Interleukin (IL)-1β, IL-8, and interferon (IFN)-γ expression were significantly higher in high phagocytic chickens than in lowphagocytic chickens at 2 and 4 h (P < 0.05), as shown in Figure 3a ,b,c. In G3, IL-1β and IFN γ Ten high-phagocytic and 10 low-phagocytic G2 chickens from Salmonella-resistant and -susceptible lines were selected at 30 wk. Peripheral blood mononuclear cells were planted. After 48 h, the adherent cells were monocyte-derived macrophages. Macrophages were treated with LPS in 3 replicates at a concentration of 100 ng/mL and incubated for 2, 4, 8, 12, and 24 h. At each time, control wells, which had no LPS, were set and harvested simultaneously with experimental wells. Total RNA was isolated from macrophages. Reverse transcription was performed. qPCR was applied using a SYBR Green Real-time Kit. Data were analyzed by the 2 − Ct method. a,b Between-group difference P < 0.05. Data are the means ± SE. H = High phagocytic group, L = low-phagocytic group.
were significantly higher in high-than in lowphagocytic chickens at 2 h (P < 0.05), as shown in Figure 4a ,b. MHC levels following LPS stimulation were significantly higher in high-than in low-phagocytic chickens at 12 h (P < 0.05), as shown in Figure 5 . NO production was significantly higher in high-than in low-phagocytic chickens at 24 h (P < 0.05), as shown in Figure 6 .
Progenies of high phagocytic lines appeared to have lower natural mortality and rate of natural Salmonella infection than the high-phagocytic lines in both G2 and G3 chickens. To investigate the molecular mechanism, macrophages of chickens from G2 and G3 high phagocytic and low-phagocytic lines were stimulated with LPS, and relevant cytokines were assayed by qPCR. Macrophages of high phagocytic chickens expressed more TLR4, pro-inflammatory cytokines, NO and MHC than those of lowphagocytic chickens. TLR4 is the receptor of LPS, whereas cytokines IL-1β and IL-8 enhance bacterial clearance [43] . Wigley et al. [44] also reported that Salmonella resistant chickens expressed high levels of IL-1β, IL-8, and IL-6. IFN-γ is a hallmark Th1 cytokine that plays a key Figure 4 . IL-1β and IFN-γ expression of G3 macrophages after LPS stimulation at 100 ng/mL of (a) IL-1β and (b) IFN-γ . Ten high-phagocytic and 10 low-phagocytic G3 chickens from Salmonella-resistant and -susceptible lines were selected at 28 wk. Peripheral blood mononuclear cells were planted. After 48 h, the adherent cells were monocyte-derived macrophages. Macrophages were treated with LPS in 3 replicates at a concentration of 100 ng/mL and incubated for 2 h and 12 h. At each time, control wells, which had no LPS, were set and harvested simultaneously with experimental wells. Total RNA was isolated from macrophages. Reverse transcription was performed. qPCR was applied using a SYBR Green Real-time Kit. Data were analyzed by the 2 − Ct method. a,b Between-group difference P < 0.05. Data are means ± SE. H = high phagocytosis group, L = low phagocytosis group.
role in protection against viruses and bacteria [45, 46] . NO produced by activated macrophages has physiological and pathological roles in defense against infections, and is an antiviral and bactericidal mediator in the innate immune system [47] . MHC is a bridge connecting innate and adaptive immunity. Antigens presented by MHC on the surface of APC or infected cells are identified by T cells and activate adaptive immunity [48] . Guimaraes et al. [24] reported that macrophages from chicken lines selected with high and low antibodies response had different phagocytic capacity. Therefore, macrophages of high phagocytic chickens would have a stronger Figure 5 . Expression of MHC I (a) and MHC II (b) by G3 macrophages after LPS stimulation at 100 ng/mL. Ten high-phagocytic and 10 low-phagocytic G3 chickens from Salmonella resistant and susceptible lines were selected at 28 wk. Peripheral blood mononuclear cells were planted. After 48 h, the adherent cells were monocyte-derived macrophages. Macrophages were treated with LPS in 3 replicates at a concentration of 100 ng/mL and incubated for 2 h and 12 h. At each time, control wells, which had no LPS, were set and harvested simultaneously with experimental wells. Total RNA was isolated from macrophages. Reverse transcription was performed. qPCR was applied using a SYBR Green Real-time Kit. Data were analyzed by the 2 − Ct method. a,b Between-group difference P < 0.05). Data are means ± SE. H = high phagocytosis group, L = low phagocytosis group.
antigen presenting ability than those of lowphagocytic chickens.
Salmonella Pullorum causes substantial mortality in chickens and systematically persistent infection, and vertical transmission by laying hens [44] . Macrophages have an important role as the first line of defense [49] . Selection of chickens by macrophage phagocytosis would not only increase disease resistance via the increased cytokine expression, but also improve production traits. Phagocytosis was found to have moderate heritability; therefore, it could be an effective breeding index of Salmonella resistant lines in dwarf chickens. . NO expression of G2 macrophages after LPS stimulation. The Griess reaction assay was used. Ten high-phagocytic and 10 low-phagocytic G2 chickens from Salmonella-resistant and -susceptible lines were selected at 30 wk. Peripheral blood mononuclear cells were planted. After 48 h, the adherent cells were monocyte-derived macrophages. Macrophages were treated with LPS in 3 replicates at a concentration of 100 ng/mL and incubated for 2, 12, and 24 h. At each time, control wells, which had no LPS, were set and harvested simultaneously with experimental wells. Supernatants from cultures were added to 96-well plates and mixed with 50 mL 1% sulfanilamide and 50 mL 0.1% naphthylenediamine. After 10 min, the nitrite concentration was determined at an optical density (OD595) using a microplate reader.
a,b Between-group difference P < 0.05. Data are means ± SE. H = high phagocytosis group, L = low phagocytosis group.
CONCLUSIONS AND APPLICATIONS
1. The rate of natural Salmonella infection of HPPG hens' progeny was significantly lower than that of LPPG hens' progeny. 2. Fertilization, hatchability of fertilized eggs, and percentage of healthy chicks of HPIG hens were significantly higher than those of LPIG hens in G0. The percentage of healthy chicks of HPPG hens was significantly higher than that of LPPG hens in G1. 3. Heritability of macrophage phagocytosis was moderate, with a value of 0.31. 4. When stimulated with LPS, macrophages obtained from high phagocytic chickens and cultured in vitro had higher proinflammatory cytokine mRNA expression and NO than those from low-phagocytic chickens. 5. Overall, selection for high macrophage phagocytosis capability increased Salmonella resistance of progeny, and did not affect production traits. Macrophage phagocytosis capability had moderate heritability and therefore could be a marker in breeding of Salmonella resistant lines.
